Salivary gland is an important glandular organ in regulating saliva production and secretion, which is essential for keeping oral and dental health, aiding digestion and nutrition and assisting mucosal regeneration [1] . [3, 4] .
Introduction
Salivary gland is an important glandular organ in regulating saliva production and secretion, which is essential for keeping oral and dental health, aiding digestion and nutrition and assisting mucosal regeneration [1] . The destruction of salivary gland, which frequently results from the disease or therapeutic treatments, might lead to xerostomia, a common clinical problem which largely deteriorates the quality of life. To date, the mainstream of treating dysfunctional salivary gland is based on the saliva substitutes [2] . Nonetheless, for the purpose of treating dysfunctional salivary gland, the replacement with new functional tissues might be more ideal.
The salivary gland is formed by branching morphogenesis, a ubiquitous developmental process resulted from the reciprocal interaction between epithelium and mesenchyme. For example, the murine submandibular gland (SMG), a major gland responsible for saliva secretion, is formed by branching morphogenesis [3] . [3, 4] .
It is initiated from a condensation of oral epithelium and forms a single epithelial bud with the appearance of clefts under the instruction of mesenchyme. Subsequently, the successive deepening of the clefts leads to the formation of new buds. After repeating the process for numerous times, the epithelial buds finally develop the ramified structures
Although the mesenchyme-free SMG epithelium is able to undergo branching when embedded in the components of basement membranes [5] [6] [7] , the morphogenetic information originating from the mesenchyme is still critical to the developmental process. During SMG development, mesenchyme might serve a major role in the morphogenetic direction and growth support [8] [9] [10] . For example, in the heterotypic tissue recombination of salivary gland mesenchyme, the recombined epithelia from other tissues take on the branching patterns mimicking the salivary glands [11] [12] [13] [14] . Therefore, the interaction between highly plastic epithelium and surrounding mesenchyme is requisite for the establishment of complete branching [3] . [3, 15] 
Chitosan cooperates with mesenchyme-derived factors in regulating salivary gland epithelial morphogenesis

Materials and methods
Medium and reagents
The SMG medium was composed of Dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM/F12) medium supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 150 g/ml vitamin C and 50 g/ml transferrin as previously described [15] 
Mesenchyme recombination assay
In the tissue recombination assays, the procedure was performed as described previously with some modifications [21] [20] .
Cell proliferation assay
To label the proliferative cells after culture, the SMG epithelial explants cultured in the indicated experimental conditions for 48 hrs were incubated with 10 M 5-bromo-2Ј-deoxy-uridine (BrdU) (BrdU Labeling and
Chemotactic assay with HGF-soaked beads
To investigate the chemotactic properties of HGF, one lobule of mesenchymefree SMG epithelium dissected from E13 SMG explants was prepared. The chemotactic assay was performed with some modifications [22] [15] , the branching morphogenesis of SMG explants were also cultured in the Chi-M without any additive. In the setting, the branching-promoting effects of chitosan were still found, indicating that the result was not simply an enhancing effect of the culture additives caused by chitosan.
The branching-promoting effects of mesenchyme were enhanced by chitosan
To further explore the effects of chitosan on the developing SMG, the mesenchyme-free epithelia were cultured with chitosan. It has been reported that mesenchyme-free SMG epithelium might degrade without the supplement of mesenchyme-derived growth factors [3] . In accordance with the previous study, in the culture without exogenous growth factors, the mesenchyme-free SMG epithelial explants were unable to develop branching phenotypes, even in the Chi-M (Fig. 2A) . On the other hand, in the coculture with the mesenchymal rudiments dissected from SMG peripheral tissue, the SMG budding ratio increased [22] . The effects were significantly greater in the Chi-M compared to those of the mock control group (P Ͻ 0.01; Fig. 2B ). During SMG epithelial morphogenesis, the SMG mesenchyme played dominant roles in guiding the formation of branches [11] . It had also been found that the adjacent mesenchymal tissue of SMG exerted positive effects on the morphogenesis and the branch formation of the whole SMG explants [22, 23] 
Chitosan effects on SMG epithelium morphogenesis with homotypic mesenchymal recombination in serum-free culture
Because the branching-promoting effects of chitosan presumably originated from the SMG mesenchyme, the dissected SMG mesenchyme was recombined with SMG epithelium in the presence of chitosan. Previously, the recombination assay of SMG had been routinely performed in the serum-containing medium [21, 24, 25] .
In order to compare the effect of chitosan in the serum-free culture with that of the serum-containing culture, the serumcontaining medium was also prepared and assayed (Fig. 3) (Fig. 3) . Meanwhile, the recombined mesenchymal rudiments were also rearranged and organized into a mesenchymal mass surrounding the epithelium. In accordance with the previous studies [21, 24, 25] , in the serum-containing group, the size of the epithelial explants increased compared to the original size and the epithelial budding initiated (Fig. 3) 
Chitosan effects on SMG epithelial morphogenesis induced by FGF7, FGF10 and HGF
Because the morphogenetic effects of chitosan presumably stemmed from the cooperation with the mesenchymal tissues, the mesenchyme-derived morphogenetic factors, such as FGF7, FGF10 and HGF, were examined, respectively [20, 22, 26] (Fig. 4) . On the contrary, with the same concentration of FGF7, SMG epithelial explants developed well-organized lobes in the Chi-M (Fig. 4) [20, 22] . In our results, SMG epithelium showed a proliferative feature with fluorescence-labelled cells located in the emerging lobules with FGF7. In the Chi-M, the number of fluorescent-labelled cells increased. These cells were more concentrated and showed a localized pattern over the emerging epithelium (Fig. 7) . Similarly, in the SMG epithelium incubated with FGF10, the proliferative cells were distributed in the epithelial tips. Compared to those in the mock control group, more labelled cells were concentrated in the protruding parts of the epithelial explants in the chitosan-containing group (Fig. 7) . In HGF-treated SMG epithelium, the proliferative cells were located in the periphery of explants in both groups. In the chitosan-containing group, more fluorescence-positive cells were found within the extending part of explants (Fig. 7) . Quantitatively, with the supplement of exogenous growth factors, the proliferation increased significantly in the explants cultured in the Chi-M compared to those in the mock control medium in all groups, indicating that the mitogenic capacities of the growth factors were generally augmented (Fig. 7) .
. In the current assay, although chitosan was also effective in higher amounts of growth factors (data not shown), only the lowest concentration which was sufficient to induce the morphogenesis of SMG epithelium was presented and analysed. Thus, the morphogenetic effects of individual factors were not saturated and the differences of the phenotypes between each group could be observed more clearly. When 10 ng/ml FGF7 was added in the mock control medium, SMG epithelial explants were unable to develop well-shaped lobes and only formed tiny epithelial protrusions
The chemotactic capacity of HGF beads with chitosan
Despite the promoting effects on cell proliferation, HGF was also shown to be chemotactic for SMG epithelium [22] . By using HGFsoaked beads, SMG epithelium demonstrated migratory abilities towards the source of HGF [22] . Therefore, in order to further elucidate whether chitosan also affected the chemotactic properties of HGF, the epithelium and bead were placed at a distance of 500 m for an analysis of epithelial chemotaxis. Because the distance between the bead and the SMG epithelial rudiments in our study was farther than that previously described [22] (Fig. 8) where it was initially located. Thereafter, the epithelial explant migrated more closely to the beads, and finally completely surrounded and engulfed the bead (Fig. 8) . Thus, these results indicated that, in the presence of chitosan, the mitogenic and motogenic properties of HGF were further enhanced, which increased the size and promoted the chemotactic behaviours of SMG epithelial explants.
Discussion
In the current work, the effect of chitosan on the morphogenesis of salivary gland was investigated. It was shown that chitosan was capable of stimulating salivary gland branching when it was supplemented in the culture system. Chitosan accelerated epithelial morphogenesis in the presence of mesenchymal tissues, even SMG morphogenesis results form the interaction between epithelium and mesenchyme [10] . It has been shown that, in the absence of mesenchyme, SMG epithelium alone is unable to grow and form branches [19] . On the other hand, with mesenchyme, no matter prepared from a recombination or separated from a filter, the epithelium grows and demonstrates prolific branching [19, 21] . Even in the completely dissociated SMG epithelial cells, they develop a more organized structure and elicit more robust branching in the presence of mesenchyme [27] . It is evident that during the ectodermal organogenesis, such as salivary glands, the morphogenesis is directed by mesenchyme [28] . In a heterotypic recombination of mesenchyme and epithelium, the heterotypic epithelium develops phenotypes which are seemingly reminiscent of the native epithelium belonging to the original mesenchymal tissue [21] . Therefore, although SMG epithelium plays a pivotal role in the morphogenesis, the growth support and the morphogenetic instructions from the mesenchyme are also critical to the establishment of salivary gland structures.
During branching morphogenesis, the mesenchyme-derived factors might act through autocrine or paracrine signalling, which appear as diffusible growth factors or extracellular matrix components. In the salivary glands, numerous growth factors have been implicated in the developmental processes, such as FGF7, FGF10 and HGF [6, 20, 22] . When they are added in the mesenchyme-free SMG explants, they are competent to facilitate the formation of specific epithelial phenotypes, which are altogether advantageous to the accomplishment of salivary epithelial morphogenesis. In addition to the diffusible growth factors, It is evident that glycosaminoglycan (GAG), a major component of SMG extracellular matrices, are essential in the salivary morphogenesis [29, 30] . During development, GAG accumulates at the epithelium with active branching [31] , and serves as a reservoir of required growth factors [3, 24] . With GAG, growth [32, 33] . Chitosan is a polymer composed of N-acetyl-glucosamine and glucosamine groups, and thereby largely resembles GAG in structure and serves as an analogue for related functions [34] . Therefore, it is likely that the branching-promoting effects of chitosan stem from its interaction with GAG, or like GAG, to recruit numerous essential branching growth factors for desired biological responses. Actually, chitosan is able to interact with GAG directly. They can easily form a complex ionically or covalently [35, 36] . On the other hand, it is evident that chitosan is competent to recruit and bind growth factors from surrounding environments by forming polyelectrolyte complexes [37, 38] . When bound to chitosan, these growth factors could be protected from degradation [39] . Therefore, by retaining and concentrating the essential factors, the [41, 42] . During the endogenous development, the organogenesis of the exocrine tissue is regulated precisely by the surrounding mesenchyme [28] . Likewise, in the regeneration of salivary glands, the presence of mesenchyme is advantageous to the formation of epithelial structure [27] . With chitosan, the functions of mesenchyme and its derived factors could be augmented, which might accelerate the morphogenetic process more efficaciously and innately. Accordingly, chitosan not only serves as a constituting ingredient of the salivary-tissue favourable scaffold [16] , but also regulates the functions of growth factors required for salivary epithelial morphogenesis, which are another important components of tissue regeneration [43] . Therefore, with the intensified morphogenetic instruction from mesenchyme promoted by chitosan, it is likely that the regenerative salivary tissue might be developed resembling the native structures.
In the previous reports of salivary tissue morphogenesis, most of the recombined salivary epithelium and mesenchyme were cultured in the medium with serum [21, 24, 25] . It is evident that the serum added in the culture system is beneficial to the morphogenesis of salivary epithelium by providing some essential components for the functions of diffusible growth factors [44] . Nonetheless 
